The aim of this study was to investigate the stability of As, Cr and Cu in contaminated soil treated with air pollution control residues under landfill conditions. The influence of landfill gas and temperature on the release of trace elements from stabilized soil was simulated using a diffusion test. The air pollution control residues immobilized As through the precipitation of CaeAs minerals (calcium arsenate (Ca 5 H 2 (AsO 4 ) 3 Â 5H 2 O), weilite (CaAsO 4 ) and johnbaumite (Ca 5 (AsO 4 ) 3 (OH)), incorporation of As into ettringite (Ca 6 Al 2 (SO 4 ) 3 (OH) 12 Â 26H 2 O) and adsorption by calcite (CaCO 3 ). The air pollution control residues generally showed a high resistance to pH reduction, indicating high buffer capacity and stability of immobilized As in a landfill over time. Generation of heat in a landfill might increase the release of trace elements. The release of As from stabilized soil was diffusion-controlled at 60 C, while surface wash-off, dissolution, and depletion prevailed at 20 C. The air pollution control residues from the incineration of municipal solid waste immobilized Cr, indicating its stability in a landfill. The treatment of soil with air pollution control residues was not effective in immobilization of Cu. Contaminated soils treated with air pollution control residues will probably have a low impact on overall leachate quality from a landfill.
Introduction
About 870 000 tons of contaminated soils were classified as hazardous waste in Sweden in 2012 (SEPA, 2014) . This is the largest quantity classified as such, making up a third of all hazardous waste for that year. This contaminated soil originated mostly from old industrial sites, and much of it contained high concentrations of As and sometimes Cr and Cu. After excavation, these soils are usually transported to landfill sites. Concentrations of As in contaminated soils were very often much higher than the leaching limit values for disposal in a hazardous waste landfill (EU Council, 2003) . This soil must be treated before it can be disposed of, to prevent the release of harmful substances such as As to the landfill leachate. About 307 000 tons of highly contaminated soils were disposed of in hazardous waste landfills after treatment (SEPA, 2014) . It was about 66% of the total amount of hazardous waste that was put into landfill in Sweden.
The treatment of metal contaminated soils before disposal in a landfill includes extraction or immobilization of metals. The main aim of extraction methods is to reduce the concentrations of metals in soils to an acceptable level (e.g. by chemical or biological extraction), or to reduce the volume of contaminated soil (e.g. by physical separation of uncontaminated soil particles). Immobilization of metals in soils refers to reduced release of metals to enable disposal in a landfill. The most common treatment methods that involve immobilization of metals in contaminated soil are chemical or physical stabilization, or a combination of these methods (Dermont et al., 2008) . Chemical treatment of contaminated soil reduces the solubility of trace elements, while physical stabilization encapsulates contaminants creating a solidified monolith. Amendments that have been used recently to chemically stabilize contaminated soil are Fe salts, zerovalent Fe, synthetic Al(OH) 3 , Mn oxides, alkaline materials (e.g. lime), clay minerals and sulfur-containing materials Abbreviations: MSWAPC, air pollution control residue from municipal solid waste incinerator; BAPC, air pollution control residue from bio fuel incinerator; MSWAPCLT, soil stabilized with air pollution control residue from municipal solid waste incinerator; BAPCLT, soil stabilized with air pollution control residue from bio fuel incinerator; LT, soil. (Moon and Dermatas, 2007; Kumpiene et al., 2008) . Soils treated with Mn and Fe amendments are not stable in a traditional anaerobic landfill due to desorption of As from Mn and Fe oxides or due to reductive dissolution of these oxides (Kumpiene et al., 2009; Stuben et al., 2003) . Excavation of natural materials such as clay or lime and their transport to a landfill site has negative impact on the environment (e.g. on biodiversity, the release of CO 2 into atmosphere). Physical stabilization (solidification) of contaminated soil has been achieved traditionally using cement, polymeric materials and fly ash (FA) alone or mixed with lime, quicklime or cement (Dermatas and Meng, 2003; Moon and Dermatas, 2007; Yoon et al., 2010; Qian et al., 2006; Singh and Pant, 2006) . Cement is very effective for immobilization of As in contaminated soil but it is an expensive amendment. In addition, cement, clay and lime occupy valuable landfill space. Our pre-study showed that air pollution control (APC) residues have the potential to immobilize As in contaminated soil.
APC residue is waste generated by an incinerator. It is a mixture of FA and lime added during flue gas treatment. About 500 000 tons of APC residues are generated in Sweden annually and 50% of this is disposed of in landfills (Engfeldt, 2007) . APC residues have similar chemical compositions to cement. They contain oxides of Ca, Fe, Al, Si, and Mn, which have the potential to chemically immobilize As (Bothe and Brown, 1999; Chandler et al., 1997; Komarek et al., 2013) and to develop a monolithic structure (Masick et al., 2011; Shirley and Black, 2011) . The MnO 2 in APC residues can oxidize As(III) to less soluble As(V), but it might also oxidize Cr(III) to more mobile and toxic Cr(VI) . Thus, the amount of MnO 2 in APC residues might be a limiting factor for simultaneous immobilization of As and Cr.
The stabilized soil must remain stable in a landfill over time. Precipitation, water infiltration and transport through the landfill, settlements, installation of a landfill top cover, microbiological activity (production of landfill gas), and systems for collection of landfill gas might affect pH, temperature and redox potential in a landfill. Initial elevated temperatures in a landfill body might decrease due to reduced microbiological activity over time. The redox potential may change from oxidizing conditions during active disposal of waste to reducing conditions after a landfill closure. The system for collection of landfill gas could, however, draw in ambient air creating oxidizing conditions in the landfill again. The pH of stabilized soil may decrease when CO 2 from landfill gas dissolves in leachate or because of carbonation and weathering reactions (Ecke et al., 2003; Essington, 2004; Chrysochoou and Dermatas, 2006; Br€ annvall et al., 2014) . These factors have an impact on the release of critical elements such as As, Cr and Cu from stabilized soil in a landfill. For example, the CaeAs precipitates and pozzolanic phases (e.g. ettringite) that immobilize As in cement or FA stabilized soil are unstable when pH changes from alkaline towards neutral (Chrysochoou and Dermatas, 2006) . The simultaneous influences of temperature, redox potential and pH on the stability of treated soil under landfill conditions are not at all clear.
The aim of this study was to evaluate the release of As, Cr and Cu from contaminated soil after treatment with APC residues using diffusion test and simulation of landfill conditions. The influence of temperature and landfill gas on the solubility of As, Cr and Cu and stability of mineral phases that might control the leaching of these trace elements was studied. The mechanisms controlling the release of trace elements are also discussed.
Materials and methods

Materials
The APC residues used in this study originated from incineration of municipal solid waste (MSWAPC) and biofuels e.g. wood chips (BAPC). Both APC residues were mixtures of FA generated by the incinerator unit and reacted/unreacted lime that was added to the flue gas stream in dry scrubbers. The APC residues were sampled from trucks at H€ ogbytorp landfill, over one week in February 2013. About 15e20 kg of each APC residue was sampled, homogenized and stored in hermetically sealed boxes before further analysis.
Soil sample marked LT originated from a sawmill site located at Lessebo, Sweden. LT was excavated from a depth of 0.5 to 1.5 m where wood impregnation took place. About 20 kg of soil was taken, homogenized and stored in sealed boxes before further analysis.
LT was stabilized with APC residues with a ratio of 1:1 on a dry weight (dw) basis. This ratio was chosen based on results from the pre-study.
Methods
Diffusion test
The diffusion test was carried out following standard NEN 7345. Samples were made by packing a mixture of soil and APC residues, and soil and APC residues separately, in plastic tubes (H ¼ 50 mm; f ¼ 45 mm) that were open at both ends. For the test, 12 samples were made of each of the following types: LT soil, MSWAPC, BAPC, a mixture of MSWAPC and LT (MSWAPCLT) and a mixture of BAPC and LT (BAPCLT). The LT soil was sieved to remove particles bigger than 4 mm to accomplish better compaction. Pure MSWAPC and BAPC were wetted with 23% of distilled water on a dw basis (which was based on the measured optimum water content for compaction of these APC residues), and mixed directly with LT. All the samples were packed in three layers using a modified Proctor hammer. A hammer with a grooved head was used for compaction of the first two layers while the final layer was compacted using a hammer with a flat head. Compaction energy was 246 kJ m À3 , corresponding to the same compaction energy applied during disposal of contaminated soil at the H€ ogbytorp landfill site. After packing, samples were left in a humid environment for 28 days to enable development of pozzolanic reactions in the APC residues. One liter glass bottles were used in the diffusion test. Samples in their plastic tubes were placed in a glass bottle, so that only the bases of the samples were exposed to the liquid phase. The bottles were sealed hermetically with a lid. A tube was placed through the lid, and a syringe connected via a valve at the end of a tube to enable the addition of water, and to take water samples. In accordance with NEN 7345, nitric acid (HNO 3 ) was added to the water to achieve an initial pH of 4. To each bottle, 400 ml of water was added to enable the test piece to be located 2 cm below the water surface. Half of the bottles (30 of them) were filled with air and, in the other half (30 of them), the air was pumped out and replaced with landfill gas until atmospheric pressure was reached in the bottles. Half of the bottles filled with air (15 of them), and half of the bottles filled with landfill gas (15 of them) were kept at a temperature of 60 C; the remaining 15 bottles with air and 15 bottles with landfill gas were kept at a temperature of 20 C. In this way, there were three samples of each type (MSWAPC, BAPC, MSWAPCLT, BAPCLT, LT) under each set of conditions. The experiment continued for 64 days and, during this time, water samples were taken from all bottles at eight different times: after 6 h, 24 h, 54 h, 4 days, 9, days, 16 days, 36 days and 64 days. All bottles were emptied during water sampling.
Water samples were filtered through 0.45 mm membrane filters.
When sampling was finished, new acidified water was added to the bottles and new landfill gas was added to the relevant bottles. A mixture of carbon dioxide (CO 2 ) and methane (CH 4 ) was used in a ratio of 1:1 to simulate landfill gas. Between day 2.25 (54 h) and 4, only CO 2 was used and, after day 4, a mixture comprising 55% CH 4 , 25% CO 2 and 20% N gas was used.
The measured leaching of trace elements (As, Cr or Cu) in fraction i (E i , mg/m 2 ) was calculated as (NEN 7345, 1995) 
where c i is the concentration of the trace element in fraction i, in mg/l, V is the volume of the eluate in l, and A is the surface area of the test piece exposed to water in m 2 . Arithmetical cumulative leaching of the trace element for each period, 3 n (n ¼ 1e8) was determined as (NEN 7345, 1995) 
where t i is time at the end of fraction i in s, and t iÀ1 is time at the start of fraction i in s. Using linear regression of the log 3 n elog t i relationship, the slope for each successive path (e.g. i ¼ 2e7 is total path, i ¼ 1e3 is start path, i ¼ 3e6 is middle path and i ¼ 5e8 is end path according to NEN 7345) was determined. When the slope is greater than 0.65, there is a dissolution phenomenon. If the slope of the start path is less than 0.35, a brief surface wash-off of the trace element has taken place. Finally, diffusion-controlled leaching occurs if the slope lies between 0.35 and 0.65 (NEN 7345, 1995) . The effective diffusion coefficient D e,i (m 2 /s) for As, Cr and Cu was calculated for each partial path in those paths where the leaching was determined by diffusion (NEN 7345, 1995) 
where U bes (mg/kg dw) is the quantity available for leaching determined with an availability test (Nordtest, 1995) and r is the density of the test piece in kg dw/m 3 . The mean effective diffusion coefficient for As, Cr and Cu is calculated as (NEN 7345, 1995) 
where pD e is the mean negative logarithm of the effective diffusion coefficient for the trace element.
Chemical analysis
The pH, electrical conductivity (EC) and the redox potential (Eh) were measured in eluates immediately after filtration through 0.45 mm membrane filters. The concentrations of metals, P and S in those eluates were measured using inductively-coupled plasma optical emission spectroscopy (ICPeOES, Perkin Elmer Optima 2000 DV). Cl À , NH 4 -N, NO 3 -N and dissolved organic carbon (DOC)
were analyzed spectrophotometrically using a HACH Lange DR 3900. In addition, the redox potential (Eh, V) was calculated using equations (5) and (6) (Sposito, 1989) pE ¼ 14:
where pE is the material oxidizability, and NO 3 and NH 4 are activities that were approximated from the concentrations of these compounds in eluates. The composition of gas (H 2 , CO 2 , CH 4 , O 2 and N 2 ) in 27 bottles (9 samples in triplicates) was analyzed after 64 days using gas analyzer Clarus 580 GC (Perkin Elmer, Arnel 4017). The results were used to evaluate the solubility of gas components to the liquid phase and hence their influence on pH, H 2 production due to hydratization of APC residues and to examine if the bottles were still airtight after a long period (28 days).
X-ray diffraction (XRD) analysis was used to identify mineralogical phases that might control release of elements from the solid to the liquid phase. Four months after the diffusion test was finished, solid samples were taken out from the bottles and left for drying at room temperature for 10 days. The mineralogical composition was analyzed on the surface and in the middle of solid samples to identify mineralogical changes through the solid samples. The XRD analysis was carried out using a Siemens D5000 X-ray diffractometer equipped with a diffracted beam graphite monochromator with Cu radiation. The XRD patterns were collected in the range of 5 e90 2q, with a 2q step size of 0.02 and 3 s per step. The High Score Plus ver. 3.0 software was used to identify characteristic peaks in XRD patterns using the crystallography open database (COD).
Multivariate data analysis
The impact of temperature, redox potential and pH over time on the leaching of elements from APC residues, soil and their mixtures was studied with multivariate data analysis applying partial least square projection to latent structures (PLS) procedures. It is a regression modeling technique used to understand more easily the relationship between factors, responses (measured variables) and observations (in this case, water samples). The PLS analysis generates two plots, the score plot and the weight plot. The score plot was used to identify groups of observations and their relationship between each other. The weight plot studied the relationships between the three factors (pH, Eh and temperature) and the measured variables. The PLS analysis was carried out using software SIMCA-Pþ version 11.5 (Eriksson, 2006) .
Results and discussion
Initial properties of the APC residues and soil
The pre-study showed that the pH of APC residues was highly alkaline while soil was about neutral (Table 1 ). The soil contained high concentrations of As and Cr while Cu was about the same as in the MSWAPC (Table 1 ). In addition, the soil was classified as loamy sand with less than 5% organic matter (as indicated by loss on ignition, LOI).
pH, temperature and redox potential
Prediction of the release of critical elements from the treated soil under landfill conditions in the long term is complex and difficult. Although the short-term diffusion test cannot exactly predict the stability of treated soil in the long term, it can give an indication of the near-future behavior of critical elements in the treated soil. The pHs of APC residues and mixtures of APC residues and LT soil were between 8.9 (MSWAPC and MSWAPCLT) and 12.5 (MSWAPC) in the bottles filled with air (Fig. 1) . In the bottles filled with landfill gas, the pH varied between 6.5 (MSWAPCLT) and 12.3 (MSWAPC at 20 C). LT soil had pH values between 5.7 and 8.5, significantly lower compared to APC residues (a ¼ 0.05). The pH was negatively related to the amount of CO 2 in the landfill gas (r ¼ À0.6) i.e. more CO 2 in bottles resulted in lower pH due to the formation of carbonic acid (H 2 CO 3 ) (Essington, 2004) or due to carbonation of APC residues (Ecke et al., 2003; Br€ annvall et al., 2014) . Apart from the amount of CO 2 in the gas phase, the change of pH in the bottles depended on the buffer capacity of APC residues. An increase in the pH in the diffusion test after day 4 (Fig. 1) indicated that the buffer capacity of APC residues was not consumed.
The redox potential was higher in the bottles filled with landfill gas compared to those containing air (Fig. 1) , and showed strong negative correlation with pH (r ¼ 0.95). Calculation of the redox potential with equations (5) and (6) showed similar results as measured in the diffusion test. The term pH in equation (5) was the dominant variable that determined values of the redox potential. This means that the redox potential in the diffusion test was mainly controlled by the pH that was dependent on the amount of soluble CO 2 .
Considering the bottles with the same type of material, filled only with landfill gas or air, exposed at different temperatures, the differences in pH and redox potential were significant only for MSWAPC. This indicated that the temperature had little influence on the changes in pH and redox potential in the diffusion test.
Analyses of the gas components in the bottles showed that CO 2 was present only in trace amounts at the end of the diffusion test, most likely due to its dissolution in the liquid phase or due to carbonation i.e. consumption in chemical reactions. Concentrations of CH 4 in the bottles filled with landfill gas were about half the initial values which could be probably attributed to the oxidation of CH 4 to CO 2 . The entry of ambient air into the bottles filled with landfill gas was minimized meaning there was a lack of oxygen for complete oxidation of CH 4 . Small amounts of H 2 were detected (up to 3%) in the bottles filled with MSWAPC and MSWAPCLT, which indicated hydratization of MSWAPC.
Leaching of trace elements
The PLS model generated two principal components explaining the 42% and 14% variance of modeled data (Fig. 2) . The goodness of fit was quite high (R showing that two principal components were appropriate for this model (Eriksson, 2006) . The grouping of responses in the score scatter plot was caused by the leached element concentrations and factors that had influence on the release of elements. Soil samples were situated on the left side of the score plot and most of the contaminants (e.g. As, Cd, Cu, Zn, DOC) were positioned on the same side of the weight plot (Fig. 2) . This showed that LT soil leached abundant amounts of these elements compared to APC residues. MSWAPC occupied the second and third quadrant of the score plot since it released large amounts of Pb and salt-forming elements (e.g. Ca, Na, K and Cl À ). The mixtures of APC residues and soil were situated between the soil and APC residues. This indicates that the release of As, Cd, Mn and Zn from soil was reduced after treatment with APC residues.
The pH and redox potential were situated further away from the origin in the weight plot indicating that these factors had the most influence on the release of trace elements such as As. The pH and As, Cd and Zn were situated in opposite quadrants that indicated negative correlation between them i.e. release of these elements increased with decreasing pH in the bottles filled with landfill gas. The redox potential and leached As, Cd, Mn and Zn were situated close to each other indicating positive correlation between the release of these elements and redox potential.
The total percentages of elements leached from LT soil were in the range of 5 ± 0.4e19 ±1.5% for As, 0.4 ± 0.1e1.5 ± 0.2% for Cr and 1.9 ± 0.2e5 ± 0.1% for Cu. The cumulative fraction of As released from LT soil decreased by two orders of magnitude after stabilization with MSWAPC (Fig. 3) i.e. the total percentage of leached As decreased to about 0.3 ± 0.1%. A similar release of Cr in BAPCLT and LT soil at 60 C and even mobilization of Cr at 20 C in BAPCLT showed that the treatment with BAPC was not effective for Cr (Fig. 3) . In contrast to BAPC, MSWAPC immobilized Cr. In the case of Cu, LT soil and mixtures of soil and APC residues showed similar release characteristics (Fig. 3) .
The leaching mechanism for As, Cr and Cu in all partial paths is shown in Table 2 . The mean effective diffusion coefficients (D e ) for these trace elements were calculated when diffusion was the main controlling mechanism. Leaching of trace elements from LT soil was mainly diffusion-controlled. (Table 2 ). For the bottles filled with the same gas (A or G), the diffusion rate of As was lower at 20 C 
Table 2
Summary of the leaching mechanism in partial paths (start 1e3, middle 3e6 and end 5e8) of soil (LT) and mixtures of soil and APC residues (MSWAPCLT ¼ soil treated with air pollution control residue from municipal solid waste incinerator; BAPCLT ¼ soil treated with air pollution control residue from bio fuel incinerator) exposed to 20 C or 60 C and landfill gas (G) or air (A). The mean effective diffusion coefficient for As, Cr and Cu in m 2 /s was calculated when diffusion was the main controlling mechanism. (Table 2) . Several mixtures exhibited a release of As, Cr and Cu that was controlled by surface wash-off, dissolution or delayed diffusion at the beginning of the leaching test (leaching path at start 1e3). These mechanisms occurred at the surface of the sample. At the later stage of the test (leaching paths 3e8), the release of trace elements was controlled by depletion of an element in the surface layer of the sample or a very low diffusion rate. It indicates that As was immobilized and the release of Cr and Cu was very low from soil treated with APC residues.
Mineral composition of stabilized soil
Precipitation of anhydrite (CaSO 4 ), bassanite (CaSO 4 Â 0.5H 2 O), portlandite (Ca(OH) 2 ) and NaCl was identified in fresh MSWAPC i.e. before it was used for stabilization of LT (Fig. 4) . The main mineral phases in fresh BAPC were portlandite, albite (Na 1.96 Ca 0.04-Si 5.96 Al 2.04 O 16 ) and quartz (SiO 2 ) (Fig. 5) . The minerals ettringite (Ca 6 Al 2 (SO 4 ) 3 (OH) 12 Â 26H 2 O), quartz, portlandite, calcite (CaCO 3 ), calcium arsenate (Ca 5 H 2 (AsO 4 ) 3 Â 5H 2 O) and weilite (CaAsO 4 ) were identified in MSWAPCLT (Fig. 4) . Formation of quartz, calcite, ettringite and johnbaumite (Ca 5 (AsO 4 ) 3 (OH)) was observed in BAPCLT (Fig. 5) . A diffractogram showed higher peaks of calcium arsenate, weilite and ettringite on the surfaces of MSWAPCLT exposed to air compared to the same samples leached in the presence of landfill gas (Fig. 4) . Comparison of the mineral phases between the surface and core in Figs. 4 and 5 shows higher peaks for quartz and calcite on the sample surface.
Leaching conditions in a landfill
Results of the diffusion test showed that the release of As from stabilized soil was quite low under alkaline pH (Figs. 1 and 3) . After soil has been disposed of in a landfill, the pH will start to decrease. The change of pH from strongly alkaline towards neutral values depends primarily on the CO 2 in the landfill available for carbonation of APC residues and their buffer capacity (Fig. 1) . The pH of stabilized waste will decrease faster when disposed of in landfills that produce gas. Carbonation of APC residues will reduce the pH towards neutral, and so a lack of O 2 in a landfill might result in a negative redox potential. These conditions were difficult to simulate in the diffusion test. In a covered landfill cell with low water infiltration and without generation of landfill gas, the availability of CO 2 will be low, which would hinder the carbonation of APC residues. Therefore, alkaline pH is expected to persist over the long term. Arsenic will be most probably stable in a landfill if the pH remains alkaline and if the minerals that control the release of As are resistant to a reduction in the redox potential.
Reducing conditions in a landfill might increase solubility of As because a lack of O 2 results in the reduction of As(V) to As(III), which is more mobile and toxic than As(V) (Pantsar-Kallio and Manninen, 1997; Corwin et al., 1999; Kumpiene et al., 2009 ). Degradation of soil organic matter acts as a reducing agent which might increase the solubility of As (Kumpiene et al., 2009 ) but, at the same time, APC residues might oxidize oxyanions such as As and Cr . This study showed unexpected results since more potent oxidizing conditions led to a greater release of As (Fig. 2) . It indicated that the release of As in the diffusion test was governed primarily by pH changes i.e. the redox potential had little influence on the As release.
Degradation of organic matter, oxidation of CH 4 and exothermic reactions (e.g. hydration of alkaline and alkaline earth oxides, corrosion of metals and carbonation of portlandite) in APC residues produce heat in a landfill (Sabbas et al., 2003) . Release of the heat in APC residues might result in temperatures up to 90 C in a landfill (Klein et al., 2001; Sabbas et al., 2003) . It might increase the solubility of As from stabilized soil (Fig. 3 and Table 2 ). Exothermic reactions in APC residues have a timescale of about 2e3 months after which the reaction activities decrease (Klein et al., 2001 ). This suggests that the treated soil has to be stored before final disposal until the exothermic reactions in the APC residues are finished. Another method to reduce the temperature caused by exothermic reactions in APC residues may be efficient heat transfer from stabilized soil. For example, stabilized soil may be disposed of in thin layers because it gives off the heat more rapidly than disposal in thick layers or cones (Klein et al., 2001) . Moreover, treated soil has to be disposed of in a separate landfill cell without the presence of a heat source such as e.g. degradation of organic waste or methane oxidation.
Immobilization and stability of As, Cr and Cu in a landfill
Immobilization of As in LT soil stabilized with APC residues can be attributed to the formation of hardly soluble CaeAs minerals and sorption or inclusion in pozzolanic reaction products Moon and Dermatas, 2007; Dermatas et al., 2004; Yoon et al., 2010) . In this study, calcium arsenate, weilite (in MSWAPCLT) and johnbaumite (in BAPCLT) were identified as the main mineral phases that immobilized As (Figs. 4 and 5) . Development of pozzolanic phase ettringite was detected in APC residues (Fig. 4) . Ettringite is formed from the dissolution of calcium sulfate minerals anhydrite and bassanite (identified in fresh MSWAPC; Fig. 4 ) in the reaction with aluminum minerals (Sabbas et al., 2003; Gori et al., 2013) . A part of the leached As is immobilized when SO 4 in ettringite is substituted with AsO 3À 4 (Aubert et al., 2007; Chrysochoou and Dermatas, 2006; Cornelis et al., 2008) . Ettringite has a needle-like structure which increases the volume of small voids within a solid matrix (Chandler et al., 1997; Chrysochoou and Dermatas, 2006) and potentially increases the hydraulic conductivity of stabilized waste i.e. increases leachate production in a landfill. Swelling of MSWAPC and MSWAPCLT was visible after 28 days of hardening and before the diffusion test was started. This indicates development of pozzolanic reactions at an early stage of the solidification. The presence of portlandite in the MSWAPCLT indicates that pozzolanic reactions were slow. Swelling was not observed in BAPC and BAPCLT probably because of the low amount of sulfate in BAPC (Table 1) . Samples of MSWAPCLT showed less swelling than pure MSWAPC because MSWAPCLT consisted of half MSWAPC and the soil probably mitigated the expansion of MSWAPC. Disposal of MSWAPCLT in a landfill might be a better option than MSWAPC alone since precipitation of ettringite in stabilized waste will immobilize As, reduce volume expansion compared to single MSWAPC and hence decrease the risk of possible cracks in a landfill and increased leachate generation.
Hydration of MSWAPC results in the formation of calcium silicate hydrate (CSH) which might also immobilize As (Cornelis et al., 2008) . CSH was not detected in the treated soils. However, it does not mean that these phases were not formed; they might be present in low amounts that were not detectable by the XRD instrument.
Precipitation of calcite in APC residues (Figs. 4 and 5) indicates carbonation. This mineral is significant for pH buffering, pH neutralization and the decrease of heavy metal leaching (Br€ annvall et al., 2014) . Calcite might immobilize leached As through sorption or co-precipitation reactions (Yokoyama et al., 2012; Roman-Ross et al., 2002) . In this study, calcite was also identified as a mineral that could take part in the immobilization of As. Moreover, the presence of calcite in the APC residues at the end of the diffusion test indicates stability of calcium minerals and that the pH will probably remain alkaline over the long term in the landfill environment.
Peaks for calcite were higher in the APC residues exposed to landfill gas (Figs. 4 and 5) , indicating enhanced carbonation. Higher peaks of calcite on the surface compared to the sample core (Figs. 4 and 5) show that the surfaces were carbonated more rapidly, and to a greater extent, than the core since penetration of dissolved CO 2 through the samples was hindered. Carbonation of the APC residues sealed the pores and bound particles together, creating a solidified monolith (Chandler et al., 1997; Maurice and Lagerkvist, 1998) . Diffusion coefficients of the stabilized soil reduced over time (Table 2) which indicates development of a monolithic structure. Such structures of the stabilized soil were visible when the samples were prepared for the XRD analysis. Carbonation of stabilized waste and development of monolithic structures in a landfill will lead to decreased hydraulic conductivity i.e. less leachate generation over time.
A greater release of As from samples exposed to landfill gas (Fig. 3) might be explained by the instability of CaeAs minerals. Calcium arsenate was still present, but weilite dissolved in MSWAPCLT at pH 8.5 (Figs. 1 and 4) . The CaeAs minerals could be unstable in a landfill if the pH drops below neutral, resulting in the release of As from stabilized soil to landfill leachate. This scenario cannot be excluded, but it is less likely to occur in stabilized waste with a high buffer capacity stored in a covered landfill with minimal gas production. Under reducing conditions and alkaline pH which will most likely persist in a landfill, CaeAs minerals can be expected to be stable.
The mobilization of Cr in BAPCLT was also observed in the prestudy where BAPC contained an abundance of MnO 2 compared to MSWAPC (Table 1 ). It may be that MnO 2 in BAPC acted as an oxidizing agent for Cr i.e. oxidizing Cr(III) to more soluble and toxic Cr(VI). In the case of MSWAPCLT, Cr was immobilized due to precipitation of insoluble chromium hydroxides that were identified in the pre-study, adsorption on MSWAPC at high pHs (Fig. 3) and during ettringite formation by substitution of sulfate ions by chromate ions (Dermatas and Meng, 2003) . Thus, the use of MSWAPC for the stabilization of soil rich in Cr might be a better option than BAPC.
The APC residues did not immobilize Cu in contaminated soil (Fig. 3) . Concentrations of Cu were lower in eluates of soil stabilized with APC residues exposed to landfill gas. It indicates that the release of Cu was probably controlled by pH and complex formation with soil organic matter. Carbonation of APC residues and a reduction of pH in a landfill will result in less leaching of Cu over time.
Conclusions
The APC residues can be successfully used for immobilization of As in contaminated soil. The CaeAs minerals such as calcium arsenate, weilite and johnbaumite were identified as the primary minerals that control the stability of As in treated soil. Moreover, adsorption of As by calcite and incorporation into ettringite were also possible.
The pH was recognized as the main factor which affected the stability of CaeAs minerals and hence the release of As. Stability of CaeAs minerals decreased when pH was reduced towards neutral values. The buffer capacity of APC residues will determine the stability of As in a landfill. In this study, the APC residues showed resistance to pH reduction, indicating high buffer capacity and stability of immobilized As over the long term.
Temperature had an effect on the type of As leaching i.e. the release of As was diffusion-controlled in MSWAPCLT exposed at 60 C while the same mixture at 20 C showed surface wash-off, dissolution, depletion or very low diffusion at the end of the leaching test. Release of heat in a landfill might increase solubility of trace elements from stabilized soil. Therefore, it is recommended that stabilized soil is disposed of in separate landfill cells, isolated from heat sources and with monitoring of the heat development in the stabilized soil caused by the exothermic reactions in APC residues during active disposal.
LT soil treated with APC residues developed a monolithic structure, indicating that the production of leachate from stabilized waste will be low. Thus, contaminated soil treated with APC residues will have a low impact on overall leachate quality from a landfill.
APC residues rich in MnO 2 are not recommended for use in the stabilization of soil contaminated with Cr since it might act as an oxidizing agent and increase leaching of Cr. Moreover, the APC residues are not suitable for stabilization of soil with a high content of Cu since this element can easily form complexes with organic matter and leach under alkaline pH conditions.
